Abstract Bank infiltration (BI) is one of the solutions to providing raw water for public supply in tropical countries. This study in Malaysia explores the use of BI to supplement a polluted surface-water resource with groundwater. Three major factors were investigated: (1) contribution of surface water through BI to the resulting abstraction, (2) input of local groundwater, and (3) waterquality characteristics of the resulting water supply. A geophysical method was employed to define the subsurface geology and hydrogeology, and isotope techniques were performed to identify the source of groundwater recharge and the interaction between surface water and groundwater. The physicochemical and microbiological parameters of the local surface-water bodies and groundwater were analyzed before and during water abstraction. Extracted water revealed a 5-98 % decrease in turbidity, as well as reductions in HCO 3 − , Cl − , SO 4 2− , NO 3 − , Ca 2+ , Al 3+ and As concentrations compared with those of Langat River water. In addition, amounts of E. coli, total coliform and Giardia were significantly reduced (99.9 %). However, water samples from test wells during pumping showed high concentrations of Fe 2+ and Mn 2+ . Pumping test results indicate that the two wells used in the study were able to sustain yields.
Introduction
In tropical countries such as Malaysia, where rainfall continuously recharges the rivers, the primary source of dependable water supply is essentially river water. However, as development and economic activities become more prevalent, managing water resources can be very difficult because of the increase in water demand and environmental degradation. Pollution has made surface water unsuitable for treatment, and in specific cases has caused the treatment costs to rise unexpectedly. Thus, groundwater can be used as a supplementary source of water supply to guarantee clean and dependable water supply without neglecting the resource potential of the surface water. One possible option is through a bank infiltration (BI) scheme.
BI has been studied by numerous researchers in the past. According to Ray (2001) , the performance of a BI scheme depends on well type, pumping rate, travel time of surface water to pumping wells, soil, hydrologic and geological properties, pollution sources that impact water quality, biogeochemical reactions in sediments and the aquifer, and the 'background' quality of surrounding groundwater. The BI system can be built either vertically or horizontally based on the configuration of the designed wells. Horizontally built wells, also known as collector wells, extract water beneath the riverbed by using a radial screen, whereas the vertical wells extract water along the riverbank. Extensive information on BI systems in the United States and Europe have been compiled by Grischek et al. 2002) , who concluded that the successful operation of BI systems largely depends on the flow path length, the thickness of the aquifer, and the infiltration area in the river. In addition, the setting and design of BI systems depend on hydrogeological factors, but physical, biological, and chemical processes involved in BI need to be understood (Irmscher and Teermann 2002; Hiscock and Grischek 2002) . Physical processes involved include the following: (1) hydrodynamic processes such as advection, dispersion, and diffusion, and (2) mechanical processes such as filtration, i.e., trapping of particles in pore spaces. Physicochemical processes include sorption, precipitation, ion exchange, coagulation, and redox reactions (Dousson et al. 1997) . Biological processes are dependent on the degradation of organic matter for metabolic needs by microorganisms that are available in the aquifer. The metabolic processes of these microorganisms primarily determine the final quality of the filtered water. Mechanical filtration leads to the removal of suspended materials, which include hydrophobic organic substances adsorbed on suspended solids. In the riverbed and at the beginning of the groundwater flow path, aerobic conditions are frequently observed and a relatively high microbial activity is also noted, which can lead to mineralization or transformation of degradable organics. Biodegradation, principally within the first few meters of infiltration, is the primary removal process for dissolved organic carbon. The process of adsorption of metals can have a finite lifetime before breakthrough or desorption occurs (Dillon et al. 2002) . The degree of adsorption varies depending on the nature of the compounds and the kind of solid material present. Contact with a large surface area and long flow paths between the river and the wells generally increase the extent of adsorption. Numerous substances present in surface water such as particles, bacteria, viruses, parasites, micro pollutants (such as chelating agents, pesticides, amines, pharmaceuticals, and endocrine disrupters), and organic and inorganic compounds, are generally, and in most cases completely removed by BI (Schubert 2002; Weiss et al. 2002) . Bank infiltration can also reduce metals, and it has been shown to remove 90 % of heavy metals such as chromium and arsenic, from the resulting water (Sontheimer 1980) .
In addition, BI has been shown to reduce levels of compounds such as major volatile organic carbons and aromatic hydrocarbons, to close to or below the detection limit, via microbial degradation, primarily in the first few meters of the aquifer (Jüttner 1999). However, if the surface water has a low content of dissolved oxygen, conditions during the underground passage will likely become anaerobic, which can cause iron and manganese to become soluble; thus, iron and manganese can be drawn into the groundwater well (Irmscher and Teermann 2002; Kühn and Müller 2000) . This approach can lead to the undesirable effect of degrading the water quality, making it unacceptable as drinking water; however, in anaerobic conditions, nitrate is reduced to nitrogen, thereby providing oxygen for the removal of organics and oxidation of ammonia (Dousson et al. 1997; Sontheimer 1980) . Enteric viruses and protozoa, such as Cryptosporidium and Giardia, are considered critical waterborne pathogens that threaten drinking-water safety. Schijven et al. (2002) reported the removal of significant pathogens in their study. Riverbank filtrate can be used as a potable or industrial water source without requiring any further treatment processes as a result of the removal efficiency of the BI system (Schubert 2002; Hiscock and Grischek 2002; Donald and Grygaski 2002; Ray et al. 2002) . According to Kuhn and Mueller (Kühn and Müller 2000) , the quality of the surface water is the primary factor in determining if BI is an adequate drinking-water treatment process. Bank infiltration also can reduce the concentrations of many pollutants such as disinfection by-products (DBPs) through a combination of natural processes including filtration, biodegradation, and dilution. Other advantages of BI include its ability to attenuate contaminant shock loads and to reduce water-temperature fluctuation (Weiss et al. 2003) .
As shown in previous studies, the positive attributes in many aspects of BI suggest that this system is a very appealing method that can be implemented in tropical countries such as Malaysia. Even though the country receives abundant rainfall throughout the year, most of the urban rivers are polluted (Department of Environment 2005) , and the use of groundwater as a public water supply is very limited. Population pressure and land-use activities are major factors that deteriorate rivers. These factors impose pressure in terms of treatment cost and increased demand to existing water-treatment plants, which have prompted water-resource agencies to look for alternative supplementary sources. One of the options is to introduce the BI system; however, detailed published works that report on the successful implementation of the BI system in the tropical region remain few. A pilot project on the BI system was established in one of the most critical urban areas in Malaysia. This paper aims to present and evaluate the performance of the system on a field study conducted to assess the potential benefits of the use of BI to treat polluted surface water, and at the same time, to indicate that a conjunctive use of surface and groundwater could be promoted through the BI system for the sustainable use of water resource in the studied area.
Study area
The study area is located in the southwest state of Selangor within the Langat Basin, Peninsula Malaysia, and extends between latitude 2°53′ 28.56″ N and 2°53′ 39.75″ N and longitude 101°42′ 03.78″ E and 101°44′ 14.58″ E, and covers an area of 10 km 2 (Fig. 1) . The nearest town to the study area is Dengkil, which is located near Putrajaya (the administrative capital of Malaysia) and Kuala Lumpur International Airport (KLIA). Three major tributaries, namely, the main Langat River, Semenyih River, and Jenderam Hilir River, drain the study area. The main tributary, Langat River, flows about 182 km from the upper reach of the main mountain range (Banjaran Titiwangsa) at the northeast of Hulu Langat District in a south-southwest direction, and finally drains into the Straits of Malacca. The Langat River Basin is an important water supply source in the Klang Valley. Langat and Semenyih are two primary dams that store water from the Langat River Basin. Eight water treatment plants are found in the Langat River Basin. In the last 20 years, there have been several occasions when water intakes and treatment plants have been closed because of serious river pollution. The closure of water intakes and water treatment plants has affected the water supply and economic activities of industries and other sectors.
terrain and 945 km 2 of coastal plain. Figure 2 shows the general geology of the Langat Basin. The bedrock in the mountainous area includes Permian igneous rocks and Pre-Devonian schist and phyllite of the Hawthornden Formation. Hawthornden Formation rocks are highly deformed and have undergone two phases of deformation (Gobbett and Hutchison 1973) . The predominant rocks in the foothills include Permo-Carboniferous meta-sandstone, quartzite, slates, phyllites and quartz schist of Kenny Hill Formation. On the coastal plain, Quaternary deposits of the Simpang, Kempadang, Gula, and Beruas Formation unconformable overlay eroded bedrock consisting of unconsolidated gravel, sand, silt, and clay from the Palaeocene through the Holocene period, which have progressively grown younger and thicker toward the coast (Gobbett and Hutchison 1973) . In general, these sediments grade downward from gravel to clay, and are deposited in fluvial and shallow marine environments. Coarse-tovery-coarse sandy gravel of the Simpang Formation (Palaeocene to Pliocene) at the base of the Quaternary strata is considered to be the primary aquifer of the Langat Basin. Typically, the aquifer near the foothills has a thickness of several metres, and varies from about 50 m to more than 100 m further toward the coast (JICA 2002) . The geology of the Sepang and Kuala Langat District is characterized by the Kenny Hill Formation, Schist Hawthorden, granite, and alluvium (Abdullah Sani 1985) . The Kenny Hill Formation, Hawthorden, and granite have a series of faults. The geology of the study area consists of phyllite, schists, slate and sandstone layers, which alternate with the Kenny Hill Formation with some conglomerates overlain by alluvium consisting of sand, gravel, clay, and silt.
Methodology

Establishment of the bank infiltration site
The riverbank area near the Jenderam Hilir village, which is about 5 km south of the city of Putrajaya, was chosen to test BI at the Langat River. In the early stage of the investigation, geoelectrical explorations were performed to determine the suitability of the geology and the hydrogeological characteristics of the study area. Based on the geophysical results, 25 piezometers (observation wells) and two pumping test wells were drilled, and a 72-h pumping test was conducted. The results of the pumping tests were used to evaluate the hydraulic properties of the test wells. The quality of the water extracted from the test wells and the selected piezometers was monitored on a monthly basis.
Geophysical investigation
The first geophysical investigation was performed to investigate the subsurface geology of the study area and to determine the depth and thickness of the potential aquifer in the Jenderam Hilir. Figure 1c shows the location of the two-dimensional (2D) resistivity survey lines. A resistivity traverse was performed to investigate the interaction between surface water and groundwater based on a similar procedure. Two resistivity image profiles (L1-L1′ and L2-L2′) were produced across the area by using an electrode spacing of 2.5 m. For each resistivity line, 41-61 electrodes were pegged in the ground surface of the site. The survey traverses were oriented from N-S and W-E. The Schlumberger array was used for the resistivity traverses because it gives a dense near-surface cover of the resistivity data. The SAS4000 resistivity meter and the ABEM LUND electrode selector system were used for data collection. The data gathered in this survey were interpreted through the RES2DINV software of (Loke et al. 2003) to provide an inverse model that approximates the actual subsurface structure. The inversion algorithm RES2DINV was used to process the data and to obtain the resistivity section as proposed by (Loke and Barker 1996) . The inversion routine used by the program RES2DINV was based on the robust constrained method. This program divides the 2D model used in the subsurface into a number of rectangular blocks (Loke and Barker 1996) . The resistivity of the blocks was adjusted iteratively to minimize the difference between the measured and the calculated apparent resistivity values. When the resistivity of different material types is known, converting the resistivity image to an image of the subsurface consisting of different materials is possible. The conventional method of plotting the results for interpretation is conducted using the so-called pseudo section, which gives an approximate image of the subsurface resistivity distribution. The shape of the contours depends on the array geometry and the subsurface resistivity (Kneisel 2006) .
Construction of monitoring wells and test wells
Based on the geophysical data and interpretation, 25 piezometers were drilled using a rotary drilling machine and a motorised auger. The average depth for the 25 piezometers was between 7 and 8 m from ground level, and the average depth of the water table was between 2 and 3 m from ground level. All piezometers were 2-3 in (5.08-7.62 cm) in diameter and were assembled with PVC pipes with 1-2-m filter screens at the end. The drilling work was conducted to establish the subsurface geology and the depth of the water table in the identified locations around the study area, focusing on the area downstream of the confluence of Semenyih River and Langat River (Fig. 1) . Based on previous report, four wells were constructed by the Minerals and Geoscience Department Malaysia (MGD, unpublished report, 2006) , and were used in this study to correlate the geology of the study area. The wells were constructed using PVC, with an outside diameter of 50 mm or 75 mm, and they were completed with slotted screens with lengths of 1 m.
Based on the piezometers' lithology logs, two pumping test wells-DW1 and DW2; diameter 8 in (20.32 cm) at depths of 19.0 and 18.40 m, respectively-were constructed to determine the hydraulic parameters of the aquifer. The test wells were drilled using a semi-mechanised bangka (percussion drill). Soil grain-size analysis for the aquifer materials in the study area was also carried out at selected intervals to a depth of 15 m for all 25 piezometers and for the two test wells in the study area.
Sieve analysis for aquifer material Sieve analyses of the soil material were performed to support the results of the preliminary geophysical explorations and the geological bore logs from the piezometers. The required soil parameters for estimating hydraulic conductivity were determined from the sieve analysis results of DW1 and DW2. The values of hydraulic conductivity (K), a necessary parameter to estimate the travel time at different depths, was estimated using the methods proposed by Hazen (Hazen 1911) and Korzeny-Carmen. The travel time between the screens of the piezometers and/or test wells and the riverbank is an important parameter for bacteria and turbidity removal. A 60-day travel time was assumed to be adequate to inactivate pathogenic bacteria to the degree that no health risk exists (Schijven and Majid Hassanizadeh 2000) . In Germany, a travel time of 50 days is commonly recommended for the elimination of bacteria and to design a water-protection zone where no microbial pollution should occur. In a study in Nainital, India, where groundwater tube wells are located 84 m from the lake bank, the travel time was found to be 1-2 days. A travel time between 10-20 days was needed in India to reach 4-5 log removal of coliform during BI (Dash et al. 2008 ).
Pumping tests A pumping test program for test wells DW1 and DW2 was carried out. A step-drawdown test (five steps), a 72-h constant discharge test, and a recovery test were done for each test well, DW1 and DW2. During the pumping tests, the pumping rates were measured using a V-notch weir. The groundwater levels were measured using an automatic data logger placed in the test wells. The constant discharge was also conducted for 168 h (7 days), followed by a recovery test for DW2. The long duration of the constantrate pumping test was necessary to ascertain the impact of pumping on the surrounding area, especially the nearby lakes. The submersible pump was installed at a depth of 9.5 m below ground level. After the pump was installed and all other necessary set up was completed, a calibration test was carried out for 2 h to determine the capacity of the test well. The recovery test was then immediately carried out after the constant discharge test was completed.
Stable isotope study to identify interaction between surface water and groundwater Sampling for stable hydrogen and oxygen isotopic compositions of 24 samples of groundwater (monitoring wells), surface water (rivers and ponds), and precipitation was conducted. About 12 samples were obtained from the piezometers and test wells, six samples from rivers (Langat River and Jenderam Hilir River), and another six samples from the surrounding ponds. The samples from the surface water were marked as SL1 (Langat River upstream), SL2 (Langat River downstream), SJH (Jenderam Hilir River), PA (pond A), PB (pond B), and PC (pond C). The groundwater samples were taken from the DW1, DW2, MW2, MW11, MW13, and MW25 wells, which were from a shallow aquifer with depths of 17. 4, 18.4, 16, 15, 15, and 11 m, respectively Groundwater flow in the study site: defining the localized flow pattern via colloidal borescope tests and a regional flow pattern via water level contour The colloidal borescope consisted of two charged-couple device (CCD) cameras, a digital compass, an optical magnification lens, an illumination source, and a stainless steel housing. Data from the colloidal borescope are transferred to the camera control unit (CCU) at the surface through a high strength electrical cable. The camera housing and the light head are made of stainless steel, and are submersible underwater up to a depth of 100 m. In this study, the single well method was used to determine the groundwater velocity and flow direction. The colloidal borescope was inserted into the well at a particular depth (screen well), which then monitored the movement of the suspended particles. Upon insertion into the well, an electronic image with a magnification of 140x was transmitted to the surface, where it was viewed by one of the CCD cameras to align the borescope in the well. As particles passed beneath the lens, the back-lighting source illuminated the particles similar to a conventional microscope with a lighted stage. A video frame grabber digitized the individual video frames at intervals selected by the operator. The AquaLITE Software package developed by Ridge National Laboratory was used to compare the two digitized video frames, match the particles from the two images, and assign pixel addresses to the particles. Based on this information, the software program computed and recorded the average particle size, number of particles, speed, and direction. When the colloidal borescope was inserted into a monitoring well, it directly measured the movement of colloids. The flow was initially swirling and multidirectional because of the insertion of the instrument in the well. If the borescope was moved after being placed in the well, the swirling flow continued; consequently, securing the instrument cable at the surface was necessary to prevent the borescope from moving. Generally, after 10-20 min, a dominant laminar horizontal flow was observed in wells for specific periods of time.
The relative flow direction was determined by plotting the trajectory and speed of colloidal particles across the screen with the AquaLITE Software. The compass display was then used to determine the magnetic heading of the picture top, and from this, the actual trajectory of the colloidal particle was determined. The horizontal speed of the particle and the flow speed were determined from the software.
Water level data at several piezometers and test wells were obtained within the study area to determine the regional groundwater-flow direction. These data were analyzed using the SURFER software, which plots the contour. The regional groundwater flow direction within the study area was obtained from the contour plot. All station equipment used to survey height were benchmarked at 16.645 m (BM station No. B096) from mean sea level. This benchmark was used as the reference in calculating the groundwater flow patterns of the area based on 25 monitoring wells and two test wells.
Water sampling and analysis: physical and chemical parameters and microorganism counts Water samples from monitoring and test wells, pond A, pond B, pond C, and river water (Langat and Jenderam Hilir rivers) were collected four times during nonmonsoon and monsoon periods from 2009 to 2011. Samples from ponds and rivers were collected at depths varying from 1.5 to 3 m.
Four samples from test wells DW1 and DW2, and two surface-water samples from upstream and downstream of Langat River were collected to study the interrelationship between groundwater and surface-water quality and the total reduction of the contaminant from the river during the pumping tests. This experiment was done during the constant discharge test for wells DW1 and DW2. The samples were collected during the 0.5th, 24th, 48th, and 72nd-h marks. The water collection method and the water sample analysis followed American Public Health Association (APHA) (APHA 2005) .
The collected samples were kept at 4°C to minimize microbial activity in the water (APHA 2005) . Colloidal or suspended particulates in water usually interfere with metal analysis. The samples were immediately filtered with 0.45-μm cellulose acetate membrane filter (Whatman Milipores, Clifton, NJ) after being transported to the laboratory. This procedure is crucial to prevent clogging during analysis with spectrometry instruments and to obtain dissolved ions for metal analysis (APHA 2005) . The samples were then acidified with HNO 3 to pH <2 to prevent the precipitation of components such as metal oxides and hydroxides, and to retard biological activity (APHA 2005) . Multi-parameter probes (SevenGo pro probe and SevenGo Duo pro probe, Mettler Toledo AG, Switzerland) were used to measure electrical conductivity (EC), TDS, and pH in situ. All probes were calibrated before sampling. Bicarbonate (titration using 0.02 N HCl) and chloride ions (argentometric method using 0.0141 N AgNO 3 ) were analyzed on-site by using unfiltered samples (APHA 2005) . Meanwhile, the filtered samples were separated into two polyethylene bottles, one for the analysis of sulfate (SurfaVer 4 HACH method) and nitrate (NitraVer 5 HACH method) and another for determining cations and metals. The cations were analyzed by flame atomic absorption spectrometry (FAAS, Shimadzu AA6800), and the trace metals by inductively coupled plasma mass spectrometry (ICP-MS, ELAN DRC-e, Perkin Elmer). All analyses were performed in the Geochemical Laboratory, Technical Services Division, Minerals and Geoscience Department (MGD), Ipoh, Malaysia.
A total of 49 water samples from rivers, lakes, and groundwater wells were collected from 2009 to 2011 during rainy and dry seasons. Fifteen river water (SW and SJH) samples were collected from the upstream and downstream parts of the Langat River and Jenderam Hilir River. For lakes (LK), a total of 13 water samples were obtained from three lakes, namely, pond A, pond B, and pond C. A total of 28 samples of groundwater (GW) were obtained from the test wells (DW1 and DW2) and monitoring wells (MW2, MW11, MW12, MW13, MW16, MW19, MW23, and MW25). The sampling locations are shown in Fig. 1 . For groundwater sampling, the wells were pumped for more than 30 min before sampling by using a pump. The 36 water-quality parameters measured were turbidity, color, pH, electrical conductivity (EC), manganese (Mn), iron (Fe), nitrate nitrogen (NO 3 -N), nitrite nitrogen (NO 2 -N), total dissolved solids (TDS), total solids (TS), chloride (Cl), ammonium (NH 4 ), fluoride (F), carbonate (CO 3 ), bicarbonate (HCO 3 ), sodium (Na), calcium (Ca), potassium (K), aluminum (Al), magnesium (Mg), mercury (Hg), cadmium (Cd), selenium (Se), arsenic (As), chromium (Cr), silver (Ag), copper (Cu), zinc (Zn), sulfate (SO 4 ), silica (SiO 2 ), cobalt (Co), barium (Ba), strontium (Sr), nickel (Ni), and phosphorus (P). Major anion, cation, and heavy metal concentrations were determined via ion chromatography. Trace elements were measured by inductively coupled plasma and atomic emission spectrometry (ICP-OES) in situ. Fe, Mn, Na, K, Ca, and Mg were determined via atomic absorption spectrophotometry (AAS). All concentrations are expressed in milligrams per liter (mg/L), except for pH and EC.
For the analysis of Cryptosporidium and Giardia concentrations, three samples were collected: one sample each from upstream (SW1) and downstream (SW2) of the Langat River within the study area and one sample from well DW2, based on USEPA method 1623 (USEPA 2005 ). An absolute porosity filter (Whatman Cryptest) was used to remove the debris from 10 L of water. If the water was too turbid to allow filtration of 10 L, a lesser volume was filtered. The filter was eluted through back flushing, and the debris was collected and centrifuged to increase its concentration. The concentrate was subjected to immunomagnetic separation (IMS), which specifically retains the Cryptosporidium and Giardia cysts but allows the background debris to be removed. The IMS part of the sample was placed on a well slide and stained with fluorescein-tagged antibodies to Cryptosporidium and Giardia, and a vital dye stain (DAPI) that specifically delineates the nuclei within the organisms. The slides were microscopically examined, and organisms that were identified as Cryptosporidium and Giardia were counted.
Total coliform and E. coli concentrations were determined using the most-probable number (MPN) method from Colilert at NAHRIM's Laboratory. Colilert is a commercially available liquid medium (Idexx Corporation, Westbrook, Maine) that allows the simultaneous detection of total coliform and E. coli. The MPN method is facilitated through the use of a specially designed disposable incubation tray called the Quanti-Tray. To perform the analysis, two enzyme substrates are reacted in Colilert, namely, a chromogen that reacts with the enzyme found in the total coliform (galactosidase) and a fluorogen that reacts with an enzyme found in E. coli (glucuronidase). After 24 h of incubation at 35°C, a total coliformpositive reaction turns the medium yellow, whereas an E. coli-positive reaction causes the medium to fluoresce under a long-wave ultraviolet light (366 nm).
Results and discussion
Bank infiltration system
Grain-size analysis The results of the mechanical sieve analysis and the hydrometer test can be expressed in terms of the weight percentage of the soil particles to the total weight of the soil sample. Proportions of the clay, silt, sand, and gravel for all soil samples ranged from 1 to 62, 0 to 50, 1 to 96, and 0 to 56 %, respectively. Based on the particle sizes, the soil samples obtained from the monitoring wells were classified as either gravelly sand, silty sand, sandy silt, silty sand, or clayey silt. The grain-size distribution of all samples from the monitoring wells shows that the average clay proportion is 30 % at the top of the aquifer, and this finding is consistent with resistivity measurements. The grain-size analysis results for DW1 and DW2 indicate that the surface soil up to a depth of 15 m has higher percentages of gravel, coarse sand, and medium sand. Gravel, however, was found beyond a depth of 20 m. After 20 m, the geology is mainly Hawthornden schist. Therefore, the main aquifer of the area can be assumed to be up to 20 m in depth. Based on grain-size analysis for piezometers, the samples from depths between 1.2 and 15 m were predominately medium-grained sand, gravelly sand, and sandy gravel. Samples from greater depths from DW1 and DW2 were generally coarser and were predominantly composed of coarser sand and gravelly sand, respectively. Data on saturated hydraulic conductivity are shown in Table 1 . 1. The estimated hydraulic conductivity values for both DW1 and DW2 were between 14.01 and 551.51 m/day based on the Hazen and Kozeny-Carmen methods. The values were approximately 10.717-20.793 m/day at a depth of 8 m and 461.46-552.51 m/day at a depth of 10 m in DW2. In DW1, the aquifer consists of silty sand with some gravel layers with 7 % silt, 79 % sand, and 14 % gravel at depths of 13 to17.4 m. The hydraulic conductivity according to Hazen (1911) , Korzeny (1927) and Carman (1938 Carman ( , 1956 ) (Kozeny-Carman Method) was 14.016-24.129 m/day. The hydraulic conductivity and transmissivity were also compared and calculated for the steady-state flow based on the analysis of the first step test (achieved drawdown by different pumping rates), for the steady state (a later stage of pumping), and for the recovery test (almost immediate recovery after pumping).
Aquifer system
The aquifer system in the study area consists of alluvial deposits of sand, silt, and gravel, which form a shallow confined aquifer. The overlying layer consists of clay, with thickness of about 1-3 m in places. The aquifer is mostly composed of fine-to-coarse-grained sand with a mixture of gravel. The thickness of the aquifer ranges from 5 to 20 m, and it can be locally heterogeneous because of the presence of beds of fine-to-coarse-grained sand. Based on the drilling information, gravelly sand or sandy gravel aquifer layers are overlain by the layer of clay, which make the aquifer confined or semi-confined depending on the location. The bedrock in the study area is located at a depth of 20 m. The aquifer is recharged by rainwater and river water that infiltrates through the aquifer. This result shows the interdependence between the groundwater and river water. River water could easily recharge the aquifer during a high river flow because of the presence of sandy gravel, which has high porosity and transmissivity (based on the grain-size analysis from the monitoring and test wells), and the aquifer's connection to the river channel. During a low flow period, groundwater may recharge into the river depending on the location of the study area. The schematic hydrogeological cross sections A-A′, B-B′, and C-C′ illustrate the aquifer system in the Jenderam Hilir based on 25 piezometers and two test-well borehole logs (Fig. 3) . Figures 4 and 5 show the schematic hydrogeological cross sections of the bank infiltration of DW1 and DW2 at the study sites.
Interaction between river, ponds, and groundwater
The interaction of water between river, ponds, and groundwater storages can be explained through the resistivity profiles L1-L1′ and L2-L2′. Figure 6 shows that the profile L1-L1′ is perpendicular with the Langat River. It flows from east to west of the study area, and is surrounded by lakes and pond A. The depth of penetration and the length of the survey line are about 25 and 160 m, respectively. The 2D profile obtained from the resistivity survey reveals three types of materials: (1) permeable soil (silty sand) saturated with water, (2) semi-permeable soil (clayey silt), and (3) semi permeable weathered to fresh shale rock (grade IV, V, and VI). The permeable soil saturated with water has low resistivity values ranging from 0 to 150 Ωm. This range is observed to be beneath stations 30-120. The lowresistivity values obtained from the materials were due to the presence of water that filled up the soil pores. The occurrence and existence of low resistivity values in the middle of the image suggests the location of the groundwater body, and may be caused by the infiltration process from the river. The resistivity values ranging from 150 to 750 Ωm were indicative of a semi-permeable layer, and were observed to be beneath stations 25-80. The resistivity image is underlain by high resistivity values ranging from 550 to 1,100 Ωm, which are indicative of the bedrock. The occurrence of soil saturated with water was probably due to the permeable material (silty sand) because it was recharged from different sources. The resistivity line L2-L2′, which is located southwest of profile L1-L1′ and perpendicular with the Langat and Jenderam Hilir rivers, is shown in Fig. 7 . This profile, which is situated between the hills and Langat River, is located at the west and northeast side of the study area. In the profile L2-L2′, the depth of penetration was about 30 m and the length of the survey line was 140 m. The 2D profile obtained from the geoelectrical survey reveals three types of materials, namely, (1) permeable soil (gravelly sand) saturated with water, (2) semi-permeable soil (clayey silt), and (3) semi-permeable weathered to fresh shale rock (grade IV, V, and VI). The permeable soil saturated with water shows a resistivity value ranging from 0 to 150 Ωm, and is observed beneath stations 50-120. The low resistivity values obtained from the materials were due to the presence of water that easily filled up the pores of the soil. The low resistivity values suggest Table 1 Values from Hazen (1911) , Korzeny (Kozeny 1927) and Carman (1938 Carman ( , 1956 the location of a groundwater body and may be due to the infiltration process from the river and the interaction between groundwater and surface water. The resistivity value ranges from 150 to 750 Ωm beneath stations 20-70 were interpreted as semi-permeable soil. The majority of these values can be seen on the top-left and on the bottom-left of the resistivity image profile observed beneath station 70. Figure 7 also shows that the majority of semi-permeable soil and rock distribution 
Pumping tests
As determined from the step-drawdown pumping test, well DW1 is not efficient because its well efficiency (W e )
is less than 48 %. A low efficiency is caused by the finer composition of aquifer materials, which consisted of 54 % silt and 38 % sand. The drawdown (Δs) for DW1 is 4.4 m at step 1 with controlled discharge (Q) at 4.4 m 3 /h. At step 5, the total drawdown (S w ) increased to 4.2 m from an initial static of 4.05 m during step 1. By comparison, the results of DW2 show that the drawdown is about 0.15 m and that the well efficiency is very high. The small drawdown in DW2 suggests that the river significantly contributes water to the well. The pumping test at DW2, which has an initial rate of Table 2 . The drawdown of DW2 was very small. This result shows that the well is capable of producing a much larger amount of water. Test well DW2 has successfully shown that a well constructed along the riverbanks is capable of yielding a significant volume of water.
Environmental isotopes
Isotope techniques are particularly effective in identifying the source of groundwater recharge and the interaction between surface water and groundwater. The fundamental relation between δ 2 H and δ 18 O was used to identify the mechanisms and sources of recharge. The results for all isotope samples in the BI study area are shown in Fig. 8 . The composition of rainfall (RW) shows that the isotopic signature ranges from −7.31 to −7.4 for δ 18 O and from −58.93 to −56.96 for δ 2 H. The composition of surface water (river water and ponds) shows that the isotopic signature ranges from −7.71 to −2.68 for δ 18 O and −55.23 to −22.73 for δ 2 H. Stable isotope compositions of both groundwater and surface water were plotted together with those for rainfall collected at the study area (Fig. 8) The overall data of stable isotopic composition collected from groundwater and river water are spread over a relatively small range. In general, shallow Fig. 7 The 2-D image profile for the survey line L2-L2′ at the site groundwater (shallow wells) are isotopically more enriched. Results show that the isotopic compositions of groundwater samples in the area exhibit narrow range, from −7.67 to −3.295 for δ 18 O and −52.82 to −25.25 for δ 2 H, and the majority of the samples are influenced by evaporation. Such a narrow isotopic variation suggests that all groundwater samples originated from the same area of recharge or the same water regime, predominantly from rainfall (non-evaporated and nearby main river (Langat River) as well as the small river (Jenderam Hilir River). This fact suggests that Langat River recharges groundwater in the confined aquifer and that there is evaporation before recharging to the lower aquifer system. The δ 2 H and δ 18 O compositions for the groundwater samples that are close to the river are different from those of groundwater samples that are farthest from the river. The farthest wells, namely, MW11 and MW25, are located about 500 and 700 m from the river, respectively. Wells near to pond C have relatively enriched isotopic signatures (less negative) that are similar to those of pond C, which can be explained by a mixing process between groundwater and the pond or the direct infiltration of recent precipitation. This result indicates that infiltrating river water is the main source of groundwater during high flow conditions. The stable isotope diagram suggests that the recharge of these confined aquifers currently takes place via direct infiltration through the Langat River.
Groundwater flow pattern and characteristics
The summary of groundwater flow velocity and direction measured via colloidal borescopic systems (CBS) is shown in Table 3 . Groundwater flow pattern was measured at eight wells within the study site. Moreover, water levels at several boreholes were obtained to determine the regional groundwater flow direction within the area. The results show that the groundwater flow velocities range from 0.10×10 −4 to 3.58×10 −4 m/s. The variation in values of groundwater flow velocities might be due to the difference of soil strata and hydraulic head conditions within the study area. Based on geophysical and CBS results, the groundwater recharge came from two different sources, namely, from the Langat River and from the lakes surrounding the study area. The groundwater recharge observed in geophysical profile L1-L1′ came from two different sources. On the left of the profile image (L1) near to the riverbank, the recharge came from the Langat River, whereas on the right of profile image, the recharge possibly came from the ponds surrounding the profile. On the left of profile L2-L2′, the recharge came from the Jenderam Hilir River and on the right of the image (L2′), the recharge possibly came from the Langat River. Based on CBS results, the average range of travel time from the river water to the aquifer is between 3 and 11 days. The travel time was estimated by dividing the velocity in m/day with the distance measured from the river to the well.
Regional groundwater flow direction was obtained through a conventional approach (i.e., by plotting the contour of the water table above sea level). From the contour plots, groundwater flows dominantly towards the west of the study site. Based on the CBS and contour plots results, the direction of the groundwater flow at the wells along the Langat River is towards the riverbank. Meanwhile, the movement of groundwater at MW 11 and MW 25 was influence by pond C. At this time, the hydraulic head of the pond is higher compared with the hydraulic head in the boreholes. Thus, the backflow process was determined at these boreholes. Figure 9 shows the combined localized and regional groundwater flow direction measured via CBS at selected borehole locations within the study area. The differences between regional and localized groundwater flow directions are not significant. This result indicates that the colloidal borescope can be used to validate the groundwater flow direction obtained from the conventional method. Based on the results of this study, the groundwater flow direction detected via CBS is almost similar to the results obtained from the piezometric head contour map. The result shows an interaction of the groundwater recharge to the surface water during a low flow period.
Water quality
Chemistry of surface water Comprehensive water analyses were conducted to assess the suitability of the river water in terms of portability via direct treatment or BI. The samples analyzed were representative of a site near the upstream and downstream of the Langat and the Jenderam Hilir rivers in the study area. Sampling was done during low (non-monsoon) and high (monsoon) water flow periods to capture seasonal fluctuations. The physicochemical parameters of the surface-water samples collected from the Langat River, Jenderam Hilir River, and ponds A, B, and C are presented in Table 4 . The pH is between 6.3 and 7.7 for the Langat River, Jenderam Hilir River and the ponds. The turbidity value of the Langat River in the study area ranges from 187 to 699 NTU. The samples from the Jenderam Hilir River and the ponds show low turbidity. This may be ascribed to the effluent from livestock farms, heavy precipitation, organic contamination and agriculture, and road runoff in which there is often a high suspended matter content (WHO, UNESCO/UNEP 2001). The surface waters of the Langat River, Jenderam Hilir River, and the ponds were generally fresh (TDS<500 mg/ L). In the study area, the TDS values range from 4 to 34 mg/L for pond C. The high TDS concentration in the rivers is attributed to the presence of extreme anthropogenic activities along the river course and runoff with high suspended matter (WHO 2001) . Electrical conductivity (EC) depends on temperature, ionic concentration, and types of ions present in the water. The EC for surface water in the study area varies from about 3-161 μS/cm, and a low conductivity was observed. Normally, conductivity in the water was affected by the inorganic dissolved solids such as calcium, chloride, aluminum cations, nitrate, sulfate, iron magnesium, and sodium. On the other hand, organic compounds such as oil, alcohol, phenol, and sugar, that can influence the water conductivity as well as the temperature, also have an effect on the conductivity (Al-Badaii 2011). Al 3+ and NO 3 − concentrations are very high. The permissible limit (Department Of Statistics Malaysia 2010) for NO 3 − in raw water is 10 mg/L. The concentration of NO 3 − in the surface water in the study area varies from 0.25 to 16 mg/L. A high concentration of NO 3 − of 16.0 mg/L was observed at the upstream of the Langat River. A high nitrate concentration could be a result of sewage and septic tanks, industrial effluents, and agricultural chemicals near oil palm estates. Commonly, nitrate is a naturally occurring form of nitrogen which is very mobile in water. River water which is high in nitrate is potentially harmful to human and animal health; in freshwater or estuarine systems close to land, nitrate can reach high levels that can cause death of aquatic life. The concentrations of Al 3+ in river water varies from 0.2 to 2.7 mg/L. The high concentration of Al 3+ coming from waste-water effluents and solid waste is primarily associated with industrial processes such as aluminum production.
Groundwater chemistry
The mean concentrations of the chemical components of groundwater samples collected from the study area during 2009 to 2011 are shown in Table 5 . The data show that the pH varies from 6.30 to 8.10, which is within the maximum permissible raw water range of 5.5-9.0 (Department of Standards Malaysia 2010). For DW1 and DW2, the groundwater is slightly alkaline (pH: 7.10-8.10), whereas for MW2, MW13, MW 16, MW23, and MW25, the groundwater is slightly acidic (5.9-6.90). EC depends on temperature, ionic concentration, and types of ions present in the water. Thus, EC reflects the general quality of groundwater. Groundwater with EC less than 1,500 μS/cm is classified as freshwater. The EC for groundwater in the study area varies from about 14 to 174 μS/cm. The permissible limit for TDS is 1,500 mg/L (Department of Standards Malaysia 2010) and groundwater with TDS values of <1,000 mg/L is considered as freshwater. In the study area, the TDS value ranges from 22 to 120 mg/L for the groundwater. Turbidity, which indicates the cloudy or muddy appearance of water, is caused by the presence of suspended and dissolved matter such as clay, silt, finely divided organic matter, plankton and other microscopic organisms, organic acids, and dyes. The color of water, whether as a result of dissolved compounds or suspended particles, could affect the turbidity measurement. The groundwater samples show a low turbidity before the pumping test. A high turbidity can interfere with the disinfection process and can provide a medium for microbial growth. It may also indicate the presence of microbes. Mineral springs or mining wastes are among the major sources of sulfate in groundwater. Industrial and domestic wastewater may sometimes contain sulfate. The sulfate concentration in MW25 is between 1.5 and 14.0 mg/L. The presence of nitrate in natural water is due to organic sources or industrial and agricultural chemicals. Although nitrogen is an essential constituent of protein in all living organisms, nitrate concentrations in water greater than 50 mg/L may be harmful (the permissible limit for NO 3 − in raw water is 10 mg/L; Department of Standards Malaysia ( 2010). The concentration of NO 3 − in groundwater in the study area varies from 0.25 to 39.0 mg/L. A high concentration of NO 3 − (39.0 mg/L) was observed in MW16 for the groundwater in the Jenderam Hilir River. The high nitrate concentration could be a result of sewage and septic tanks, industrial effluents, and/or from agricultural chemicals because MW16 is near the oil palm estate. All groundwater samples from the eight wells (DW1, DW2, MW02, MW16, MW19, MW23 and MW25) had iron concentrations that are higher than the drinking-water standards, i.e., 0.3 mg/L. The iron concentration of the groundwater is from 14.0 to 39.0 mg/L. Iron is a common constituent of many primary minerals such as biotite, pyroxenes, and amphiboles. The geochemical conditions of the study area may result in the predominant distribution of ferrous and ferric irons. However, the presence of these minerals in the area has not been confirmed. Magnesium is also one of the abundant elements in rocks, and causes hardness in groundwater ranges from 0.9 to 32.0 mg/L. The concentrations of calcium appear to be low, and most groundwater samples show a value of <50 mg/L. The primary source of sodium in natural water is from the release of the soluble products during weathering. Much of the Na probably comes from rainwater and from ion exchange. Other sources of Na in groundwater could be clay and Naplagioclase. The concentrations of Na + in the wells range from 1.00 to 8.90 mg/L, which is well below the permissible limit of the Malaysian drinking-water standard (DSM 2010) . The concentration of K + ranges from 1.9 to 8.0 mg/L for the groundwater. Most of the samples show low K + concentrations, not exceeding 10 mg/L. HCO 3 − concentration in groundwater collected from DW2 is 99.0 mg/L. Water samples MW02 and MW25 had a concentration of <66 mg/L. The high concentrations of HCO 3 − in groundwater is due to the dissolution of CO 2 gas in the recharge water within the soil zone, dissolution of carbonate minerals, and the biochemical oxidation of organic material (Sprinkle 1989) . The dissolution of CO 2 gas occurs in the recharge area, and a high concentration can be observed in the discharge area. Analysis was done on As, Pb, Cr, Cu, and Zn. A high concentration of As was observed, whereas Hg, Cu, Zn, Cr, and Pb values did not exceed the drinking-water standard. Six wells (MW13, MW16, MW19, MW23, and MW25) had arsenic values that exceed the standard of 0.01 mg/L. The concentrations of most ions in the groundwater along the Langat River were relatively low, except for Fe 2+ and Mn
2+
, and were comparable with those of the Langat River. Fe 2+ and Mn 2+ are ions that naturally occur in soils, rocks, and minerals, and are soluble in groundwater depending on the amount of oxygen in the water.
Water-quality characteristics during BI (pumping tests)
For DW1, water-quality characteristics were determined during the pumping test. For DW2, different types of pumps with different discharge controls were used. The water samples were taken from DW1 and DW2 at 0.5, 24, 48, and 72-h intervals during the pumping tests. Water from DW1, DW2, and the Langat River were simultaneously analyzed for their physico-chemical parameters.
Comparisons of water-quality changes during and before pumping are shown in and Mn 2+ because of redox reactions. The nitrate and arsenic concentrations were also reduced. This result indicates the increasing influence of aerobic surface water (infiltration from the Langat River) on the sulfate-reducing processes in the riverbank area. Water samples from the river show high turbidity. Table 6 shows that the turbidity was reduced from 699 to 11 NTU for DW1, and from 328 to 60 NTU for DW2 during the pumping test, which proves that BI can significantly lower the turbidity of the river water in the study area. The percentage removal of turbidity is between 82 and 98 %, depending on the geological materials in the water. Total solids content was also significantly reduced from 206 to 370 mg/L in the river to a range of 84-l140 mg/L in the test wells. The sulfate concentration was reduced from 10 to 15 mg/L in the river to 1.89 to 6.00 mg/L in the test wells.
The river generally has nitrate levels greater than 5 mg/ L, and the two samples from the Langat River had concentrations of 9.1 and 16 mg/L; nitrate was reduced to 1.0 mg/L in the test wells. However, the concentration of HCO 3 − increased, which indicates that the carbonate was dissolved during BI in the shallow aquifer and there was dilution or mixing of groundwater volume during the pumping test. As the river water passes through the aquifer, most contaminants are attenuated and diluted. Therefore, most of the turbidity and organic pollutants can be removed by the bankside material and diluted with groundwater.
The pH of the water analyzed from the Langat River varied from 6.3 to 7.1, but was slightly reduced in DW1 and DW2 during the pumping test. The most likely process that decreases the pH during underground passage is the degradation of organic matter, as shown in the following formula:
A proportion of the CO 2 reacts with water to form carbonic acid and hydrogen carbonate, thereby lowering the pH.
The EC of the surface water in the river largely fluctuated between 4 and 260 μS/cm. However, in the case of the water samples from DW1 and DW2, EC tends to be higher. The increase of EC from 4 to 101 μS/cm (0.5 h) to 161 μS/cm (72 h) during pumping test for DW1, and from 161 to 211 μS/cm (0.5 h) to 130 μS/cm for DW2 may be attributed to the dissolution processes that occurred during underground water passage.
NO 3 − in surface water and groundwater can be of natural and anthropogenic origin. Apart from its common application as fertilizer, nitrate may originate from diffuse and point sources such as seepage from unlined drains, domestic sewage, cattle sheds, and landfill sites. At DW1 and DW2, the NO 3 − concentrations in the surface water (8.1 to 16 mg/L) were reduced to 0.009 mg/L. The reduction of nitrate to N 2 through denitrification can be described as follows (Appelo and Postma 1993) :
Intermediate metastable products such as nitrite (NO 2 − ) occurred at low concentrations. Methanogenesis will generally only occur after all sulfates have been reduced. Thus, methane is only present with sulfate as a result of mixing (Stuyfzand et al. 1994) . At DW1 and DW2, SO 4 2 − concentrations were reduced to 1.5 mg/L compared with those in surface water at values between 5 and 9 mg/L. In this case, the river-bank filtrate reaches the redox level of sulfate reduction while passing the deposits at the bottom of the river. The reduction of sulfate by organic matter (sulfate reduction) is the dominant process and can be described as follows:
Overall, during the pumping tests, Mn 2+ concentrations in the river water were the lowest with a value less than 0.2 mg/L. By contrast, the concentrations in DW1 and DW2 were elevated and ranged from 0.59 to 0.95 mg/L. The elevated concentrations of Mn 2+ in the aquifer relative to the river suggest that the source of Mn 2+ is the reductive dissolution of Mn-oxide present in the aquifer sediments. The increase in dissolved Mn 2+ with increasing transport distance is due to the reductive dissolution of Mn-oxide as follows (Chapelle et al. 1995) :
During the pumping test, the water samples collected from DW1 and DW2 had higher Fe 2+ concentrations (8.74 to 20 mg/L). The reductive dissolution of Feoxyhydroxides present in the test wells is expected to cause an increase in Fe concentrations as shown by the following formula:
Only the redox-sensitive cations of Fe 2+ and Mn 2+ were present in concentrations exceeding the drinking-water standard for raw water recommended by the Department of Standards Malaysia (DSM 2010). Fe 2+ in concentrations above 0.3 mg/L and Mn 2+ above 0.1 mg/L may have adverse effects on the taste and appearance of the water. In BI systems, both cations are common but can be removed with a simple treatment such as aeration and filtration (Grüenheid et al. 2005) . According to Lawlani et al. (2004) , the reductive dissolution of Fe 3+ minerals in anoxic aquifers is closely related to the mobility of the toxic As. Concentrations of Fe 2+ in DW2 are low; thus, the reductive dissolution of Fe-(hydroxides) during the filtration process remains marginal. This result could be a consequence of the rapid infiltration of the Langat River water to the well with relatively high dissolved oxygen and low biodegradable carbon concentrations (CSE 2007) . Stable Fe-(hydroxides) in the sediment function as a sorbent for As. Thus, the riverbank sediments could be an effective sink for As (Lalwani et al. 2004 ). This result could be the reason why As concentrations in the filtrated water are much lower than those in the Langat River. Further away from the riverbank, As concentration increased with Fe 2+ . The removal efficiencies for chemical concentrations during abstraction are presented in Table 6 .
From the pumping test data sets, the percentage removals widely vary for the different substances, ranging from 0 to 99.9 %; an increase in concentration during infiltration can be observed for Fe and Mn, both of which reached concentration levels that are critical for use as potable water. Therefore, post-treatment is needed to target a wide range of substances.
Microorganism removal
Analysis results of water samples from the Langat River show Giardia at a concentration between 0.1 and 2.9 cysts/L (Table 7) , whereas the DW2 well water had no cysts. In Malaysia, river water polluted with Giardia cysts is common, and cyst concentrations ranging from 0.7 to 12,780 cysts/L have been reported (Farizawati et al. 2005) . However, no reported disease outbreak in relation to water-borne giardiasis has been reported in the country. Giardia cysts can be eliminated at temperatures greater than 65°C but conventional chlorine concentrations used for water treatment cannot not kill them. Although ozonation is effective, it is expensive.
The water samples from the Langat River (both upstream and downstream of the study area) and test wells (DW1 and DW2) were analyzed for total coliform and E.Coli concentrations during the pumping tests (abstraction), and regular monitoring was conducted from January 2010 until May 2011 (Table 8 ). The water samples were collected during the pumping tests with intervals of 0.5, 24, 48, and 72 h to analyze the presence of microorganisms. The results of this study show that water samples taken from the Langat River were positive for total coliform and E. coli; however, these were not detected in samples from the test wells (DW1 and DW2; Table 9 ).
Effectiveness and performance of BI
The effectiveness and performance of the BI system in treating river water pollution can be estimated based on a method suggested by (Shamrukh and Ahmed 2008) , in which the proportion of surface water that infiltrated the bank can be evaluated using the following equation: The filtrated water obtained during the pumping tests is mainly a mixture of Langat River water and the surrounding groundwater. The concentration of Cl during the 24-h pumping tests (abstraction) was used to estimate the percentage of the Langat River water that filtrates into test wells, which was estimated to be 95 %. This condition was estimated during the early stage of the North East Monsoon.
Conclusions
A 2-year study was conducted to determine the possibility of implementing a BI system to support the high water demand and cost of water treatment encountered by existing conventional water treatment plants that serve the highly populated urban areas. The paper essentially explores the possibility of using BI to supplement the polluted surface water with groundwater. Three major factors were considered for evaluation, namely, (1) investigation on the contribution of surface water through BI, (2) input of local groundwater, and (3) water-quality characteristics of the water supply. The findings suggest that the BI system can potentially be developed further in the area based on the following:
1. The area is located at the lower portion of the heavily populated Langat River basin. The setting of the river channel, which is connected to an alluvial aquifer in the area, is hydraulically suitable for the establishment of the BI scheme. The scheme could be managed under the conjunctive use of the surface and groundwater of the area. During the North East Monsoon season, water abstracted from wells adjacent to the river is predominantly surface water, where the surface-water recharges the regional groundwater. The Langat River is estimated to contribute about 95 % of the extracted water during this period. On the other hand, during the South West Monsoon, most of the water abstracted from adjacent wells is from groundwater. The thickness of the aquifer located below the river channel is more than 5 m, and consists of more than 80 % gravely sand with high hydraulic conductivity (K) and transmissivity (T) values. In addition, based on the constant pumping test for one of the wells, the yield was as much as 128 m 3 /h (3.072 million L/day) with a drawdown of only 2.63 m. 2. The distance between the production well(s) and the river is one of the significant factors that influence the reduction of water contaminants from the river. In the Jenderam Hilir River, the travel time of river water to the test wells is more than 10 days. Hence, natural water treatment methods, to reduce the contaminant amounts in river water taken from the test wells, are considered sufficient (Dash et al. 2008 ). 3. The study has shown positive effects on the quality of infiltrating water. Specifically, a reduction of 5-98 % was observed in turbidity, HCO 3 − , Cl − , SO 4 2− , NO 3 − , Ca 2+ , Al 3+ and As concentrations. However, water samples from the test wells during pumping show higher concentrations of Fe 2+ and Mn 2+ because of redox reactions. For microorganisms such as E. coli, total coliform and Giardia and Cryptosporidium, the removal efficiency is 99.9 %. All water-quality parameters measured fall below the allowable limits (DSM 2010) for potable water. The sustainability of the quality of extracted water in the long run should be further monitored.
The efficiency of BI depends on local conditions such as the hydrology and hydrogeology of the site, the geochemistry of the water (from both the river and the aquifer), and the characteristics of the microbial populations and associated metabolic activity. Thus, field investigation is important to determine the potential and expected efficiency of the BI process. 4. Although BI has been used in Europe for more than a century, the current understanding of the process and mechanisms behind this technique in tropical countries is almost nonexistent. The potential of BI in tropical countries can be established by studying, in particular, the various types of geophysical data, sieve (particle 
